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Abstract. The aim of the study was to investigate the impact
of climate change on the water balance of the ¨ Otztaler Ache
catchment in Tyrol, Austria. For this purpose the concep-
tual hydrological model HBV-D REG was applied. First, the
model was calibrated and validated using current observed
climate and discharge data. Second, the calibrated model was
applied with reanalysis data. Third, downscaled climate sce-
narios from 2010 to 2099 served as input data to the HBV-
D REG. Thereby two extreme land cover scenarios were
considered: for water balance modeling a constant glacier
coverage from today and additionally for runoff simulations
a complete loss of glaciered area. The downscaled climate
data were generated with the expanded downscaling method.
Scenario simulations indicated an increase in annual areal
temperature by 3.4 ◦C and a slight decrease in annual areal
precipitation by 89mm in the next one hundred years. Ac-
cording to the hydrological modeling, these climate changes
caused an increase in evapotranspiration and a decrease in
snow coverage. Furthermore model simulations showed an
increase in winter and spring runoff, whereas summer runoff
was highly sensitive to glacier coverage and decreased with
complete loss of glacier coverage.
1 Introduction
The Alps are often called the water towers of Europe (Veit,
2002). The water from the Alps is of superregional signiﬁ-
cance for drinking water supply, irrigation and hydropower
(Psenner and Lackner, 2006). Glaciers of the Alps are an im-
portant seasonal storage of water and furthermore, the pres-
ence of glaciers reduces the year-to-year variability in catch-
ment runoff (R¨ othlisberger and Lang, 1987).
In the Alps the observed temperature increase in the last
century was already the twice of the world wide average.
It is expected that hydrological condition in catchments in
mountain areas are highly sensitive to future climate changes
(European Environment Agency, 2009).
For prediction of future changes in hydrological circles in
mountain areas conceptual hydrological models with parsi-
monious structure were often used as they have the advan-
tage of limited need of input data. One major challenge in
hydrological modeling in high mountain areas is the gen-
eration of spatial distribution of meteorological variables,
which are highly variable. This problem is often solved us-
ing altitude gradients in extrapolation of climate station data
(e.g. HBV, Bergstr¨ om, 1995; GCM SOCONT, Schaeﬂi et al.,
2005). However, previous studies showed that the distribu-
tion of temperature and precipitation are related to further
orographic factors like geographical location, slope and ex-
posure (e.g. G´ omez et al., 2008; Marquinez et al., 2003).
Global circulation models (GCM) can provide data for cli-
mate change studies. The disadvantage of the output of GCM
is their low spatial resolution, which makes it difﬁcult to use
them for models requiring local climate data. The scale issue
is typically solved with statistical or dynamical downscaling
methods(WilbyandWigley,1997).Totesttheapplieddown-
scaling method, a comparison between observed climate data
and reanalysis data, downscaled climate data from observed
atmospheric ﬁeld, can be carried out (B¨ urger, 2002; Menzel
and B¨ urger, 2002).
Inthisstudyweappliedtheconceptualhydrologicalmodel
HBV-D REG (Tecklenburg et al., 2012) using local climate
scenarios generated with the expanded downscaling tech-
nique (EDS, B¨ urger, 2002). The HBV-D REG considers
orographical variability in climate data using a multivariate
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regression algorithm in climate data interpolation. The focus
of this study was to investigate the impact of future climate
change on the water balance of the ¨ Otztal under the assump-
tion of present glaciation. Furthermore the study examined
the impact of glacier coverage on future runoff predictions
using the assumption of constant present glaciation and com-
plete loss of glaciers as two extreme land cover scenarios.
2 Study site
Our investigation focused on the catchment of the ¨ Otztaler
Ache in Tyrol, Austria, a tributary of the river Inn (Fig. 1).
The study site includes the area upstream of gauge Brunau
located 2.2km upstream of the estruar in the river Inn
(887km2). The catchment has a length of 65km aligned in
ﬂow direction north–south with altitudes ranging from 703m
to 3748ma.s.l. (Fig. 1). The valley is dominated by grass-
land and coniferous woodland. Steep slopes are sparsely veg-
etated. The ¨ Otztal is partially glaciated (14%, BMLFUW,
2007) (Fig. 1). Spring and summer runoff are highly dynamic
and controlled by precipitation, snow and glacier melt. In
contrast to that, winter runoff is characterized by low ﬂow
conditions. Average monthly runoff from June to August is
2.5 times higher than the mean annual runoff (31m3 s−1,
Hydrographischer Dienst in ¨ Osterreich, 2009). Precipitation
is highly variable in space and time. Depending on the lo-
cation of the climate station, mean annual precipitations
range from 623mm to 982mm (Hydrographischer Dienst
in ¨ Osterreich, 2009). Average annual temperature at Oetz
(760ma.s.l.) is 7.3 ◦C and decreases with increasing eleva-
tion to 2.1 ◦C at Obergurgl (1938ma.s.l.) (Hydrographischer
Dienst in ¨ Osterreich, 2009).
3 Methods and materials
3.1 Hydrological model HBV-D
In our study we applied the HBV-D REG, an enhanced ver-
sion of the HBV-D/HBV. The conceptual runoff model HBV
was originally developed at the Swedish Meteorological and
Hydrological Institute (SMHI). It is a semidistributed model
involving the most important runoff generation processes us-
ing a simple robust structure to adapt physical complexity to
a standard climatological measurement network (Bergstr¨ om,
1995). The structure of the model involves three main rou-
tines: (1) snow and glacier routine calculating melt rates with
the degree-day-formula, (2) soil moisture routine calculat-
ing actual evapotranspiration and soil moisture and (3) re-
sponse and routing routine transferring storage contents to
catchment runoff. In the HBV-D model a catchment can be
divided into subcatchments, which can further be divided
into ten elevation zones and 15 vegetation zones (Krysanova
et al., 1999). A comparison of observed and simulated dis-
charge could be carried out at the catchment outlet and for
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Fig.1.Overviewof ¨ OtztalerAchecatchmentincludinggauges(blue
triangular) Brunau (B), Vernagtbach (V) and Obergurgl (O), pre-
cipitation stations (black circles) and temperature stations (red cir-
cles). Brackets mark the stations for which downscaled data were
notavailable.Catchmentandsubcatchmentsaredelineatedinblack.
Due to a man made outlet one subcatchment was not contributing
and in the modeling procedure not considered (white). Glacier cov-
ered areas are presented in silver. Altitude ranges from 700ma.s.l.
(green) to 3800ma.s.l. (brown).
subcatchments without inﬂow. Glacier coverage and vegeta-
tion zones are given as relative area of each elevation zone
and assumed to be constant throughout the simulation pe-
riod. The HBV-D REG contains a reﬁnement in the data in-
put procedure (from subcatchment to elevation zones) and in
climate data interpolation in order to improve the representa-
tion of spatial variability in climate data. The HBV-D REG
uses multivariate regression models to interpolate precipita-
tion and temperature data. The multivariate regression mod-
els consider the explanatory variables altitude, slope expo-
sure, geographical location and occurrence of precipitation.
The regression models explaining the spatial distribution of
temperature and precipitation are estimated for each simula-
tion day using a backward selection approach. For more in-
formation of the applied model the reader is referred to Teck-
lenburg (2011) and Tecklenburg et al. (2012).
3.2 Data set
For the model set up we used a digital elevation model with a
100m×100m resolution to deﬁne catchment and subcatch-
ments (Fig. 1) and a landuse map to deﬁne the vegetation
zones and glacier coverage. A detailed description is given in
Tecklenburg (2011) and Tecklenburg et al. (2012). For model
calibration and validation we used daily values of measured
precipitation from 21 stations, measured temperature data
from 12 stations and measured discharge data from three
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Table 1. Goodness measures (NSI, LNSI, VE) of calibrated model for calibration period (cal.) and validation period (val.) using measured
data (MEA) and reanalysis data (ANA) as model input data. “na” stands for not available.
NSI LNSI VE
Gauge Period MEA ANA MEA ANA MEA ANA
Brunau cal. 0.91 0.85 0.95 0.94 0.05 0.01
val. 0.91 0.85 0.84 0.94 0.08 0.07
Vernagtbach cal. 0.77 0.64 0.70 0.71 0.03 0.12
val. 0.87 0.75 na 0.83 0.03 0.14
Obergurgl cal. 0.84 0.80 0.89 0.89 0.04 0.04
val. 0.86 0.77 0.88 0.87 0.00 0.18
gauges (Brunau, catchment outlet; Obergurgl and Vernagt-
bach, subcatchments without inﬂow) (Fig. 1). The calibra-
tion period was set from October 1993 to October 2000 and
validation period from October 2000 to October 2008. A two
years warming-up period was used to reach initial storage
contents.
Locale climate scenarios and reanalysis data were gen-
erated for 19 precipitation stations and 10 temperature sta-
tions (Fig. 1) using the EDS method. The EDS method is
an expanded regression approach including a side condition,
which preserves the local variability (B¨ urger, 2002; Menzel
and B¨ urger, 2002). For EDS one realisation of the ECHAM5
(GCM) A1B scenario run (IPCC, 2007) was used. Local
scenarios were then available from October 2010 to Octo-
ber 2099 and reanalysis data were taken from October 1989
to October 2008. The generated data had a temporal resolu-
tion of one day, which deﬁned the model time step.
3.3 Model calibration and validation
Values of 16 parameters were determined by calibration us-
ing Monte Carlo simulations. For each parameter lower and
upper limits were received from HBV-D modeling experi-
ence and literature (Sælthun, 1996; Seibert, 1999). 2000 pa-
rameter sets were generated from a uniform distribution of
given parameter ranges. The selection of the best parame-
ter set was based on the goodness measure Nash-Sutcliffe
Index (Nash and Sutcliffe, 1970), calculated with untrans-
formed values (NSI MEA) and log values (LNSI MEA), and
the relative volume error (VE MEA). The goodness criteria
were calculated on the base of daily observed and simulated
discharge values.
3.4 Model application with downscaled reanalysis data
As an intermediate step between model calibration and
model application with climate scenarios we applied the cal-
ibrated model with downscaled reanalysis data. This proce-
dure was carried out in order to exclude that major model
uncertainties were introduced by the differences in station
availability between measured and downscaled data and the
application of the downscaling method EDS. Therefore the
resulting model performances using downscaled climate data
(NSI ANA, LNSI ANA, VE ANA) were compared with the
corresponding goodness measures NSI MEA, LNSI MEA,
VE MEA. Additionally we calculated goodness criteria on
the base of simulated discharge values using measured data
input and simulated discharge values using reanalysis data
for the entire catchment and entire simulation time.
3.5 Model application with climate scenarios
Future variations of water balance components (runoff, pre-
cipitation, evapotranspiration, glacier melt), temperature and
fractional snow coverage were evaluated for the ¨ Otztal us-
ing the calibrated model with constant glacier coverage from
today and downscaled climate scenario data. Trends in an-
nualtermswerecalculatedusinglinearregressionmodels.To
evaluate trends in monthly values of areal runoff, precipita-
tion, evapotranspiration and glacier melt areal mean monthly
values from 2010 to 2055 were compared with areal mean
monthly values from 2055 to 2099. In order to assess the
inﬂuence of the present state of glaciers on the hydrologi-
cal regime of the ¨ Otztaler Ache under consideration of future
climate changes, runoff was additionally simulated assuming
glacierswerecompletelymelted,i.e.glaciercoveragewasset
to 0%. We compared the predictions of mean monthly runoff
from October 2055 to October 2099 considering constant
glacier coverage with predictions of mean monthly runoff as-
suming glaciers were completely melted.
4 Results and discussion
4.1 Model calibration and validation
Table 1 presents the goodness measures calculated with the
best parameter set. NSI higher than 0.84, the world wide av-
erage NSI of temperature index models (Rango, 1992), were
calculatedfortheentirecatchmentinthecalibrationperiodin
13%ofallparametersets.Thus,withonly2000MonteCarlo
simulations a satisfying parameter set was found. With the
calibrated model comparable goodness measures were cal-
culated for the validation period (Table 1).
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Fig. 2. Time series of annual areal terms of (A) runoff (RO, blue),
precipitation (P, lightblue) and glacier melt (GM, brown), (B) evap-
otranspiration (ET, green), (C) temperature (T, red) and (D) frac-
tional snow coverage (SC, black) calculated using downscaled cli-
mate scenario data.
4.2 Model application with downscaled reanalysis data
The model performance of the calibrated model using reanal-
ysis data was comparable to the calibrated model with the
measured data (Table 1). Comparing the model outputs di-
rectly resulted into a NSI of 0.83, LNSI of 0.95 and VE of
0.11. This result indicates that the given differences in station
availability or application of the downscaling method EDS
might not introduce major uncertainties. However, compar-
ing the model performances gave only an overall impression
of the applicability of the model using different input data.
As local differences between downscaled reanalysis data and
observed data might be compensated in many different ways,
thisdoesnotreplaceadetailedcomparisonbetweenobserved
climate data and reanalysis data as carried out by B¨ urger
(2002) or Menzel and B¨ urger (2002), for example. A de-
crease of model performance especially in the subcatchments
might be caused by uncertainties of the EDS and reduced
data availability.
4.3 Model application with climate scenarios
Figure 2 presents the time series of water balance
components, temperature and fractional snow coverage
for the current century. A positive trend was observed
in runoff (increase of 422mm/100a), glacier melt (in-
crease of 587mm/100a), evapotranspiration (increase of
55mm/100a) and temperature (increase of 3.35 ◦C/100a).
A negative trend was observed in precipitation (decrease
of 89mm/100a) and fractional snow coverage (decrease
of 15%/100a). Note that the high simulated values of
runoff and glacier melt were resulting under the scenario
of a constant glaciered area. Runoff increased particularly
in summer and autumn, whereas precipitation decreased
in summer and increased in winter (Fig. 3). An increase
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Fig. 3. Box plots of monthly areal values (A) of runoff (RO),
(B) precipitation (P), (C) evapotranspiration (ET) and (D) glacier
melt (GM). The boxes including values from 2010 to 2055 are plot-
ted in white, boxes including values from 2055 to 2099 are in gray.
As reference values median monthly simulated areal values from
1993–2008 are plotted with a black line.
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Fig. 4. Simulated mean monthly runoff (RO) at gauge Brunau with
conﬁdence interval bars using downscaled climate data from 2055
to 2099 with constant glacier coverage (black) and complete loss of
glaciers (red). Measured mean monthly runoff from 1986 to 2008 is
plotted in blue.
in evapotranspiration was observed from April to October
(Fig. 3). As the applied model could not simulate a feedback
between climate and vegetation, further changes in evapo-
transpiration, e.g. due to changes in vegetation composition,
could be expected. Glacier melt doubled from June to Oc-
tober comparing monthly values from 2010 to 2055 with
monthly values from 2055 to 2099 (Fig. 3). Intensiﬁcation
of the glacier melt in early summer indicated an earlier start
of the glacier melt in future and a decrease in fractional snow
coverage. After 2080 glacier melt started already in April.
Temperature increased constantly throughout the year. While
precipitation decreased and evapotranspiration increased in
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summer, the increase of runoff in summer and autumn was
solely caused by the increase of glacier melt.
The model assumption of constant glacier coverage with
contemporaneously intensiﬁcation of glacier melt is unreal-
istic, but predetermined by the applied HBV-D model. In the
context of climate change a retreat of glaciers is expected
(e.g. Bogataj, 2007; European Environment Agency, 2009).
Assuming a complete loss of glacier coverage, the simula-
tion of runoff for the second half of the century showed an
obvious decrease of runoff in summer and autumn (Fig. 4).
Maximum loss of runoff by 86% was observed in August.
Hagg and Braun (2005) modeled the reaction of runoff to
climate change using two representive years for two highly
glaciated subcatchments of the ¨ Otztaler Ache catchment and
also observed a decrease of summer runoff. The comparison
of runoff simulations with two extreme assumptions of future
glacier coverages presented in this study highlights the vul-
nerability of runoff of the ¨ Otztaler Ache even though glaciers
cover only 14% of the catchment. On the other hand, the
study also shows clearly that reasonable prognosis for plausi-
ble runoff in the future in glaciered catchments like the ¨ Otztal
are impossible without considering glacier change! The land
cover scenarios used in this study (stable glaciered area or
complete loss of glaciered area) are a sort of extreme sce-
narios. Comparing the runoff predictions with today’s runoff
characteristics, an increase in winter and spring runoff was
simulated (Fig. 4). This could be related to the increase of
winter precipitation with higher percentage of rain instead of
snow (Fig. 3) and the earlier start of snow and glacier melt.
Thetrendtowardsreducedsnowcoveragecouldbeexplained
by a temperature induced increase of elevation of snow line,
which is also found by Bogataj (2007) and European Envi-
ronment Agency (2009).
Finally one should consider that only one GCM output
and only one possible climate scenario was used. Dobler and
St¨ otter (2011), for example, pointed out that different realisa-
tions of climate scenarios could lead to signiﬁcantly different
results. Thus our results have to be regarded as one possible
case study.
5 Conclusions
To simulate the response of the water balance to climate
change in the ¨ Otztaler Ache catchment the enhanced HBV-
D REG was successfully calibrated and validated with mea-
sured climate data. The application of the calibrated model
with reanalysis data pointed out that plausible discharge data
were simulated using local climate data downscaled by EDS.
The investigations of model results using local climate sce-
narios showed an increase in mean areal temperature and
a trend towards reduced precipitation. Average areal snow
coverage decreased with time, whereas runoff in winter and
spring increased towards the end of the current century. The
information value of the model was limited by the use of
constant glacier coverage. Implementing a dynamic glacier
cover module in the HBV-D would improve the use of this
model for climate change studies in areas inﬂuenced by
glaciers signiﬁcantly. The climate scenario, applied in this
study,wasonlyonepossiblefutureprojection.Applicationof
different climate change scenarios and different GCMs may
assist to get a greater overview of possible future condition
in the water balance in the ¨ Otztal.
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